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ABSTRACT

Polar oxides are of much interest due to their symmetry-dependent properties including ferroelectricity/multiferroics, magnetoelectricity,
piezoelectricity, pyroelectricity, and second-order harmonic generation (SHG) effect, which are all important for technological applications.
[1] However, polar crystal design and synthesis is challenging, because multiple effects, such as steric or dipole-dipole interactions, typically
combine to form non-polar structures, and the number of known polar, especially magnetoelectric materials, is still extremely few.[2]
Therefore, as one of the focus of this program, we embarked on high pressure (HP) and high temperature (HT) synthesis to find new
interesting and potentially useful polar materials. As will be shown here, we have been exceedingly successful, and opened a new path to
design new polar and potentially multifunctional useful materials with corundum-type structure of general formula A2BB’06. In addition,
HP and HT were also used to prepare new metastable double perovskites and quadruple perovskites with unusual structures and properties.
In addition, ambient pressure and more conventional solid state methods to synthesize new phases with 3d, 4d and 5d transition metals and
exotic correlated electronic properties was used in parallel with the HP/HT projects.

As the results enumerated below show, a large number of new materials were synthesized; their physical properties were characterized in
detail with a multitude of state-of-the-art techniques, and coupled experiment and theory lead to deeper understanding of the observed
properties, as well as guiding synthesis of new phases
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1. Foreword

Polar oxides are of much interest due to their symmetry-dependent properties including
ferroelectricity/multiferroics, magnetoelectricity, piezoelectricity, pyroelectricity, and second-order
harmonic generation (SHG) effect, which are all important for technological applications.™ However,
polar crystal design and synthesis is challenging, because multiple effects, such as steric or dipole-
dipole interactions, typically combine to form non-polar structures, and the number of known polar,
especially magnetoelectric materials, is still extremely few.!?! Therefore, as one of the focus of this
program, we embarked on high pressure (HP) and high temperature (HT) synthesis to find new
interesting and potentially useful polar materials. As will be shown here, we have been exceedingly
successful, and opened a new path to design polar and potentially multifunctional useful materials. In
addition, HP and HT were also used to prepare new metastable double perovskites and quadruple
perovskites with unusual structures and properties. Moreover, ambient pressure and more
conventional solid state methods to synthesize new phases with 3d, 4d and 5d transition metals and
exotic correlated electronic properties was pursued in parallel with the HP/HT projects.

As the results enumerated below show, a large number of new materials were synthesized; their
physical properties were characterized in detail with a multitude of state-of-the-art techniques, and
experiment and theory were coupled lead to deeper understanding of the observed properties, as well
as guiding new synthesis.

2. Statement of the Problem Studied

In collaboration with Dave Walker of the Lamont-Doherty Earth Observatory, Columbia University, so
far, we have synthesized 7 new noncentrosymmetric compounds at high pressure (3-10 GPa) and
high temperature (>1000 °C) (HP/HT) in Walker-type multi-anvil press. Although the formula, A,BB’O¢
is the same as that of the double perovskites, these structures are an extension of the corundum
(Al,O3)-based noncentrosymmetric structure of LINbO;-type, and centrosymmetric ilmenite-type ABO;
phases, where all the cations (A and B) are octahedrally coordinated, and the octahedra edge, face,
and corner share to create a three-dimensional network structure. In these structures the A cation is
too small to stabilize the perovskite structure (tolerance factor < 1). Before our group’s efforts to
synthesize A,BB’O4 corundum-type phases at high pressure, there were only two reports on similar
A,BB’Og analogs of the double perovskites, Mn,BSbOg (B = Fe, V, Cr, Ga, Al) with a small A (Mn?*)
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and mixed B-site cations have been stabilized under HP.E* Occupation of the A-site by magnetic, or
non-magnetic ions, and the octahedral B sublattice by two or more different cations can generate a
multitude of new phases with potentially interesting structures and physical properties.

The complex structural relationship between the various corundum-based phases is illustrated in
Figure 1 below.

High temperature and ambient pressure was also used to prepare the new Ni;TeOg-type analogs
Several of the corundum materials that were synthesized and studied are noncentrosymmetric, and
multiferroic, some potentially magnetoelectric. The Ni;,M,TeOg (M = Mn, Co) compounds are new
magnetoelectric phases at the highest temperature (~80 K for Mn; x = 1). The Mn,FeMoOg phase
evidenced ionic exchange of Fe and Mn at unprecedented low temperature (starting at ~ 200 °C, and
complete at <500 °C in a bulk solid); the large structural change that resulted was also accompanied
by significant changes of the magnetic and transport properties.

A20,

BOg

B’O4

Face-sharing AlO¢

Edge-sharing

ALO,

ABO,- LiNbO, (R3c) A,BB’0,— Ni;TeO, (R3)

Fig. 1 Cation ordering tree of corundum related phases to show the crystal structures of: A,O3-type corundum;
ABOs-type ilmenite; ABOs-type LiNbOs3; A,BB Og-type ordered iimenite, and A,BB”Og-type Ni,NiTeO86, viewing
along [110] direction. Octahedral color: blue, AOg, or A1O¢ purple, BOg; green, B Og.

3. Summary of major accomplishments emphasized in the period 08/01/2014-to-
08/31/2016, and briefly summarized for the time of the grant 5-2012-t0-8-2015

A. A,BB’O; Corundum-Type Phases




1. A reprint describing the properties of Mn?*,Fe**M>*Og with M = Nb, Ta appeared in Angewandt.
Chem. Int. Ed., was uploaded to a previous report.

2. Mn,FeMoOg has been published in Angewandt. Chem. Int. Ed. and was uploaded as a reprint in
the previous Interim Report.

3. Mn,FeWOg a reprint of this work is uploaded in this report:

Multiferroic Mn,FeWOg — a new corundum-based polar compound. Man-Rong Li, Mark C. Croft,
Meng Ye, David Vandrbilt, Maria Retuerto, Zheng Deng, Christoph P. Grams, Joke Hadermann,
Joachim Hemberger, Joon I. Jang Chang-Qing Jin Maria Retuerto, Felix O. Saouma, Peter W.
Stephens, David Walker, Martha Greenblatt, Adv. Mater. 27, 2177-2181 (2015).

4. Mn,FeMoOe-ll-a preprint of this article, which was reviewed, revised and resubmitted to
Angewandt. Chem., is uploaded in this report

Unprecedented Low-Temperature Cationic Rearrangement in a Bulk Metal Oxide. Man-Rong Li,
Maria Retuerto, Peter W. Stephens, Mark Croft, Denis Sheptyakov, Vladimir Pomjakushin, Zheng
Deng, Hirofumi Akamatsu, Venkatraman Gopalan, Javier SGnchez-Benitez, Felix O. Saouma, Joon |I.
Jang, David Walker, Martha Greenblatt, Angewandt. Chem., revised resubmitted, 2-8-2016.

5. Niz M, TeOg (M= Mn, Co)- Magnetoelectric effect (T ~ 80 K) was confirmed in Ni,MnTeOg. A draft
of a manuscript of this work is near in its final is uploaded in this report:

Magnetoelectric properties of the multiferroic Ni-MnTeOs M. Retuerto, S. Skiadopoulou, J.
ProkleSka, F. Borodavka, C. Kadlec, F. Kadlec, Z. Deng, M. Savinov, S. Kamba and M.Greenblatt, to
be submitted to PRB; draft of manuscript is uploaded in this report.

Work continues on the Co phases (Ni,CoTeOg and (NiCo)CoTeOg); powder neutron diffraction
PND was recently collected, the magnetic structures are analyzed and the dielectric and
magnetoelectric, as well as measurement of the phonon modes of vibration in these phases is in
progress.

B. New Double Perovskite Phases of 3d, 4d and 5d Transition Metal lons

High pressure and temperature was also used to prepare new double perovskites, A,BB’Og with
unusually small cation, Mn®*. These new materials have important properties including high
ferromagnetic transition temperature (e.g., Ty ~ 520 K, for Mn2FeMo0O6), half-metallic and giant
magnetoresistant properties.

6. Mn,FeReOg — A reprint is uploaded in this report of this work titled:

Giant Magnetoresistance in Half-Metallic Double Perovskite Ferrimagnet Mn,FeReOg.  Man-
Rong Li, Maria Retuerto, Zheng Deng, Peter W. Stephens, Mark C. Croft, Qingzhen Huang, Hui Wu,
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Xiaoyu Deng, Gabriel Kotliar, Javier Sanchez-Benitez, Joke Hadermann, David Walker, Martha
Greenblatt, Angewandt. Chem. Int. Ed., 54, 1-6 (2015).

7. Mn,MnReOg A draft of this paper is attached, which will be submitted in a few days, titled:

Mn,MnReOg: synthesis and magnetic structure determination of a new transition-metal-only
double perovskite canted antiferromagnet. Man-Rong Li, Jason P. Hodges, Maria Retuerto, Zheng
Deng, Peter W. Stephens, Mark C. Croft, Xiaoyu Deng, Gabriel Kotliar, Javier Sanchez-Benitez,
David Walker, Martha Greenblatt, to be submitted to Chem. Science, 2-2016

8. Mn,Feq Mo, ,0¢is a line phase in Mn,Fe; ,Mo1.,Og Which can be prepared between 5-8 GPa at
1623 K. Rietveld refinements of XRD data demonstrate the distorted GdFeO3-type structure of
Mn,Feo sMo; ,06 (Fig. 12), isostructural with Mn,BReOg, B = Fe, and Mn). Magnetic properties and
other characterizations are still undergoing. Recently we collected powder neutron data and are
proceeding with the magnetic structure determination.

Intensity (a. u.)

S N

20 40 60 80 100 120
20 (degree, Cu Ko)

Fig. 2 XRD pattern of Mn,FeygMo; .0 refined in the P2,/n space group. Inset is the crystal structure showing
the corner sharing (FeygM0g2)Og (brown) and MoOg (grey) octahedra. The 8-folded Mn are shown as blue
spheres
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9. Pb,CoReOg and Pb,CrReOg - a reprint of the paper is is uploaded in this report, titled:

Crystal and magnetic study of Pb,CoReOg and Pb,CrReOg perovskites. Maria Retuerto, Manrong
Li, P. W. Stephens, Javier Sanchez-Benitez, Xiaoyu Deng, Gabriel KotliarM. C. Croft, A. Ignatov, D.
Walker, M. Greenblatt, Chem. Mater., 27, 4450-4458 (2015).

11. SryLaxMnReOg (0 < x < 1) — a draft of this paper is uploaded in this report :

Induced Re-moment ferromagnetism and carrier localization in Sr,,La,MNReOs(0 < x <

1) double perovskites. Zheng Deng, Mark Croft, Bijuan Chen, Man-Rong Li, Maria Retuerto,
Changgqing Jin and Martha Greenblatt, Phys. Rev. B revised paper resubmitted, 2-2016.

C. Quadrupole Perovskite with 5d Transition Metal lon

12. LaCuslr,04, - a reprint of the paper is uploaded in this report, titled:

Strong Electron Hybridization and Non-Fermi Liquid Behaviour in LaCuslr,O1,. Man-Rong Li,
Javier Sanchez-Benitez, Mark C. Croft, Zheng Deng, Swarnakamal Mukherjee, Maria Retuerto,
Tanusri Saha Dasgupta, Tapati Sarkar, Trevor A. Tyson, David Walker, Martha Greenblatt, Chemistry
of Materials 7(1), 211-217 (2015).

D. Layered Honeycomb Magnetic Oxides

13. PbMn(IV)TeOs - a reprint of this paper is uploaded in this report, titled

PbMn(IV)TeOgs: A New Noncentrosymmetric Layered Honeycomb Magnetic Oxide. Sun Woo
Kim, Zheng Deng, Man-Rong Li, Arnab Sen Gupta, Hirofumi Akamatsu, Venkatraman Gopalan,
Martha Greenblatt, Inorg. Chem., in press

List of publication resulting from this grant (05-01-2012 - to — 7-31-2015)

1. Polar and Magnetic Mn,FeMOg (M = Nb, Ta) with LiNbO3-Type Structure - High Pressure
Synthesis. Man-Rong Li, David Walker, Maria Retuerto, Tapati Sarkar, Joke Hadermann,
Peter W. Stephens, Mark C. Croft, Alex Ignatov, Joachim Hemberger, Israel Nowik, Kandalam
V. Ramanujachary, P. Shiv Halasyamani, Thanh T. Tran, Swarnakamal Mukherjee, Tanustri
Saha Dasgupta, Martha Greenblatt, Angew. Chem. Int. Ed.,52, 8406-8410 (2013).

2. CsTIXz (X = F, Cl): synthesis and properties of mixed-valent thallium halide perovskites:
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